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RESEARCH ON ATOMIC LENGTH STANDARDS 


TTEMPTS TO DEFINE the basic unit of length, 
the meter, in terms of an unchanging property of 
nature have been underway for many years. The 
present standard, the distance between two engraved 
lines on a platinum-iridium bar, not only lacks the 
reproducibility and availability that a standard as 
fundamental as length should have, but, being material, 
it can be altered or destroyed. As early as 1892, Michel- 
son attacked this problem by measuring the meter in 
terms of a wavelength of light. This same approach 
forms the basis for the presently proposed international 
standard, the orange line from krypton 86. Sources 
making use of this isotope can furnish standards which 
should be reproducible to 1 part in 10°—a great im- 
provement over the precision obtainable with the meter 
bar. However, to keep the standardizing laboratories 
of the various countries well ahead of the requirement 
of science and technology, the development of more 
precise standards must continue. Furthermore, the 
problems involved in utilizing this greater precision in 
the calibration of material standards must be solved. 
The precision of a wavelength standard depends on 
the measurability of the line used. Kr*°° lamps produce 
radiation whose wavelength can be measured to a part 
in 60 million—very nearly the best result possible with 
a discharge tube source. As little further improve- 
ment can be expected with the use of other isotopes in 
discharge tubes, an entirely different line of attack must 
henceforth be adopted in the search for more precise 
length standards. 


In investigating methods of producing an improved 
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wavelength standard of length, the Bureau has found 
two promising approaches. One is the atomic beam, 
which can be used as either an emission or an absorp- 
tion source, and the other is the Zeeman absorption 
filter. By producing extremely narrow spectral lines, 
both of these approaches can increase precision far 
beyond that presently required by research and 
technology. 


Atomic-Beam Devices 


The precision possible with present standards is 
limited by Doppler broadening of spectral lines—an 
effect due to the random motion of the emitting atoms 
toward and away from the observer. K. G. Kessler, 
R. L. Barger, and W. G. Schweitzer, Jr., of the Bureau's 
length laboratory, and K. W. Meissner of Purdue Uni- 
versity, have found a successful solution to this problem 
in atomic-beam devices.!_ Atomic-beam techniques, de- 
veloped many years ago for the study of hyperfine 
structure in atomic spectra, decrease Doppler broaden- 
ing by selecting atoms traveling at right angles to the 
line of sight. The drawback here, however, is that the 
light intensity is very low because the device must be 
operated at low densities to avoid collisions between 
atoms and to maintain a collimated beam. Even so, 
the atomic beam has proved satisfactory in both emis- 
sion and absorption devices for producing very narrow 
spectral lines. 

In an atomic-beam device used as an emission source, 
the atom to be excited—mercury in the Bureau studies— 


is heated in an oven to a temperature of about 105° C, 
corresponding to a vapor pressure of about 0.5 mm. 
Atoms emerge from a slit in the oven and those that 
are traveling in the desired direction pass through a 
collimating slit and into the interaction region. Those 
atoms that are not traveling in the proper direction 
are condensed on the walls of the collimating tube, 
which is immersed in a bath of liquid nitrogen. 

As the atoms pass through the interaction region, they 
are subjected to an intense electron bombardment. 
Those atoms excited by the electrons emit radiation, 
which is observed in a direction normal to their motion, 
thus reducing Doppler broadening. 

Typical of the results obtained in this way is a 
Fabry-Perot interference pattern of the 2537—A line 
from a natural mercury beam source showing a half- 
width of 0.006 cm! at a path difference for successive 
beams of 44 cm. If allowance is made for the broad- 
ening of the instrumental width, the emission-line width 
appears to be about 0.002 cmt. At longer path differ- 
ences, the effect of the instrumental width of the 
interferometer becomes relatively less important and 
the line half-width can be more directly measured. If 
the position of the maximum for such a line were 
measured to one-fiftieth of its half-width, the resulting 
precision would be one part in a billion. 

Another approach to the problem is to use the atomic 
beam as an absorption device by passing a beam of 
light through it. The atoms in the atomic-beam vapor 
absorb energy at wavelengths in the vicinity of their 
resonant transitions. Because the absorbing atoms are 
in an atomic beam, the absorption line is extremely 
narrow, corresponding to the projected Doppler width. 
Absorption lines as narrow as 0.002 cm=! have been 
produced in this way. Even though an absorption line 
is much less satisfactory than an emission line in inter- 
ferometry, it is still in many ways an ideal wavelength 
standard since it is produced by photon interactions 
and includes no other perturbations. 
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Schematic drawing of atomic beam principle used to 
produce narrow emission lines. A collimated beam of 
atoms from the oven is bombarded by electrons. The 
atoms thus excited emit radiation which can be viewed 
at right angles to the direction of motion, thus reducing 
Doppler broadening. 


An absorption beam can be applied very successfully 
as a selective detector to produce an improved wave- 
length standard. As such a detector is sensitive to only 
a very narrow band of wavelengths, employing it to 
observe a moderately well-defined line is, in effect, the 
same as using a broad-band detector, such as a photo- 
graphic plate or phototube, to observe a very well- 
defined line. In the atomic-beam absorption detector, 
light from an electrodeless lamp containing Hg"® is 
passed through an interferometer to a partially trans- 
mitting mirror. The radiation is split so that part goes 
directly to a photomultiplier and the other part passes 


Left: Zeeman absorption filter de- 
veloped for producing narrow 
emission lines consists of a mercury 
cell suspended between the poles of 
an electromagnet. Right: Atomic 
beam apparatus. Atoms emerging 
from the heated mercury cell (in 
oven below box) are collimated by 
slits cooled with liquid-nitrogen. 
Titanium ion pump (above appara- 
tus) maintains a vacuum of 10-"-mm 
Hg in the mercury chamber. 
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Left: Transmission characteristics of a vapor of mercury atoms in the vicinity of its resonance lines. Absorption is 
so thorough over so wide a range that the intense 2537 A radiation from a Hg lamp is almost completely absorbed. 
Right: Separating two absorption curves to allow a narrow region of transmission in between produces a narrow emis- 


sien line. 
overlap as shown by the solid lines. 


Such a separation occurs when a magnetic field is applied to a Hg’ vapor. 


At 900 gauss, the two curves 


If light from a Hg“ lamp, whose spectral distribution is shown by the dashed 


curye, is passed through the vapor, then the transmitted radiation is the product of the two shifted curves, represented 


by the shaded area. 


through an atomic beam to a second photomultiplier. 
The difference between the two resulting signals is pro- 
portional to the absorption of light by the beam. Since 
this absorption occurs only over the very narrow band 
which corresponds to the resonance absorption of atoms 
in the atomic beam, the device is sensitive to only a very 
narrow range of frequencies. The half-width of the 
Hg"®* line obtained from the trace of the detector signal 
is again 0.002 cm". 


Zeeman Absorption Filters 


Another means for producing very narrow lines is 
the Zeeman absorption filter recently developed at the 
Bureau by Kessler and Schweitzer.? The action of this 
optical filter depends on the Zeeman effect—the splitting 
of spectral lines in a magnetic field. 

The Zeeman absorption filter consists essentially of a 
1-in.-long cell containing a drop of Hg'®*. Heating this 
cell to 80° C produces a fairly thick layer of mercury 


Fabry-Perot interference pattern produced by the 2537 A 
radiation of Hg’ passed through a Zeeman absorption 
filter. 
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atoms, which, of course, absorbs radiation most strongly 
in the vicinity of its resonance lines. Transmission 
characteristics show that this particular cell almost com- 
pletely absorbs the radiation of a Hg'®* lamp at 2537 A, 

When the absorption cell is placed in a magnetic field 
normal to the direction the light travels in the cell, the 
absorption curve is radically altered. Light which is 
polarized parallel to the magnetic field experiences 
essentially the same absorption as without the field— 
practically all light of this polarization is absorbed. 
Light which is polarized in the other direction, how- 
ever, is absorbed in a manner directly dependent on 
the field. As the magnetic field is applied, the broad 
absorption curve appearing at zero field splits into two 
curves, one moving toward the shorter wavelengths and 
the other moving by an equal amount toward the longer 
wavelengths. With a field of about 900 gauss, the two 
curves are sufficiently separated so that they just par- 
tially overlap. Between the two absorption curves there 
is now a narrow region of transmission. 

When light from a Hg" lamp is passed through such 
a cell, the width of the 2537—A line is considerably re- 
duced. The absorption characteristics of the cell act 
as a filter, and radiation is passed only by the region 
where absorption does not occur. Instead of the normal 
width at half-height of 0.050 cm, a mercury line which 
is 0.006 cm wide is thus obtained. This line is one- 
half the width (0.012 cm™) of the proposed Kr°° inter- 
national standard of length. 


1 Atomic-beam sources and the standard of length, oy 
Karl G. Kessler, Richard L. Barger, and Walter G. 
Schweitzer, Jr., IRE Transactions on Instrumentation, 
Vol. I-7, No. 3, December 1958 (in press). Mercury 
atomic beams for metrology, by Karl G. Kessler, Richard 
L. Barger, and Walter G. Schweitzer, Jr., Proc. Sym- 
posium on Interferometry, National Physical Laboratory 
(1959) (in press). 

*Zeeman-split absorption lines as very narrow pass 
filters, by Karl G. Kessler and Walter G. Schweitzer, Jr., 
J. Opt. Soc. Am. 49, 199 (1959). 
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iB BASIC RESEARCH on plastics, the Bureau re- 
cently investigated several phases of the degradation 
mechanism of poly(vinyl chloride). This polymer is 
used for many products ranging from garden hoses and 
upholstery fabrics to packaging materials and _protec- 
tive coatings. It also has extensive applications in 
military hardware items and equipment. 

Experimental results of the present work indicate that 
poly(vinyl chloride) degrades by a free radical mech- 
anism in which hydrogen chloride is stripped from the 
polymer chain in a zipper-type reaction. This mech- 
anism is apparently initiated by rupture of the weakest 
link—probably the carbon-chlorine bond adjacent to 
a double bond (C=C)—in the polymer chain. The 
free chlorine atoms thus produced abstract adjacent 
hydrogen, liberate hydrogen chloride, and produce 
additional free radicals on the chain.1_ Using these 
results, scientists may now be able to devise better 
methods of testing poly(vinyl chloride) for service 
conditions. 

In the present study, the effects of temperature and 
other parameters on the stability of poly (vinyl chloride) 
were investigated. The experiments were conducted by 
R. R. Stromberg, S. Straus, B. G. Achhammer, C. F. 
Bersch, and M. R. Harvey. Pyrolysis—decomposition 
by heating in vacuum without the added effects of ultra- 
violet radiation or of oxygen—was carried out at tem- 
peratures ranging from 200° to 400° C. Other 
degradative treatments employed were heating in air; 
heating in vacuum; exposure to ultraviolet radiation in 
vacuum and in air; and heat and ultraviolet radiation 
in vacuum. 

The gaseous degradation products were analyzed by 
mass spectrometry whenever practicable. Infrared 
absorption spectra were obtained before and after ex- 
posure. Color changes, as determined by the Munsell 
system of the Intersociety Color Council-National 
Bureau of Standards color code, were studied after each 
degradative treatment except pyrolysis. Specimens of 
the powdered polymer were exposed in quartz tubes to 
the varying conditions of heating or exposure to ultra- 
violet radiation or both. In conducting the experi- 
ments, procedures and equipment developed previously 
at the Bureau were used.2 

The pyrolytic studies showed that the polymer de- 
composes in two stages, exclusive of oxidative degrada- 
tion. The first stage is the loss of hydrogen chloride 
with the resultant formation of a polyene system. The 
polyene chain structure may account for a slight color 
change that developed after exposure to heat in vacuum. 
After the hydrogen chloride has been removed, the 
polyene chain in the second stage decomposes into frag- 
ments of varying size. 
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Infrared spectrophotometer used to record a pattern of 
the changes in chemical structure of poly (vinyl chloride) 
arising from the degradative process. 


The decomposition of the polyene chain actually 
starts before the complete removal of hydrogen chlo- 
ride, but the initial mechanism of decomposition of the 
polyene chain is different from the later mechanism. 
Initially, unsaturated chain ends form ring structures 
and benzene is evolved. This reaction may occur very 
early in the over-all degradation, but it never reaches 
the proportions of a major step. Later, the polyene 
chain decomposes by simple C—C rupture in an appar- 
ently random fashion, although even in this case 
aromatic products result. 

Thermal degradation in air, especially when com- 
bined with exposure to ultraviolet radiation, results in 
a more complicated decomposition mechanism. The 
same general reactions occur as in pyrolysis, but in 
competition with oxidative degradation. The oxygen 
seems to attack the polyene system, removing some of 
the unsaturation, causing chain scission, and providing 
an additional source of free radicals to expedite de- 
composition. The oxygen also apparently attacks 
tertiary carbons at branched sites in the main polymer 
chain, leading to chain scission, new radical sites, and 
the production of carbonyl compounds such as acetone. 

The presence of oxygen, and its role in the decomposi- 
tion reactions, also affect the color development. A 
specimen degraded in vacuum, with its color resulting 
primarily from unsaturation, will be bleached on ex- 
posure to oxygen. Further degradation in oxygen will 
lead to additional color, but of a somewhat different 
hue and intensity. Degradation by exposure both to 
air and to ultraviolet radiation leads to color develop- 
ment which can be partially bleached and changed in 
hue and intensity when further degradation is accom- 
plished by heating in vacuum. 

A possible explanation for the changes in color is the 
presence of two systems involving conjugated unsatura- 
tion and oxygenated structures. Probably the two 
systems are frequently present in combination, depend- 
ing of course on the degrading environment. Some of 
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the color changes under different exposures can be 
followed by observing changes in absorptions in the 
infrared spectra in the region of C=C and C=O 
absorptions. 

The present experiments confirmed earlier findings 
that unsaturation in the polymer—caused by polymer- 
ization reactions or other factors in the history of the 


The rate of weight loss of poly (vinyl chloride) at an ele- 
vated temperature is measured with a helical tungsten 
spring and a cathetometer. 


polymer—affects the stability of poly(vinyl chloride) . 
It was also confirmed that incorporated impurities such 
as oxygen and catalyst fragments attached to the 
polymer affect the initial stability of the polymer. 


‘For further technical details, see Thermal decomposi- 
tion of poly(vinyl chloride), by R. R. Stromberg, S. 
Straus, and B. G. Achhammer, J. Polymer Sci. (in press) ; 
Infrared spectra of thermally degraded poly(vinyl chlo- 
ride), ibid, J. Research NBS 60, 147 (1958) RP2832; 
and Heat and ultraviolet aging of poly (vinyl chloride) , by 
C. F. Bersch, M. R. Harvey, and B. G. Achhammer, J. 
Research NBS 60, 481 (1958) RP2865. 

* For a detailed description of the equipment, see Study 
of degradation of polystyrene by means of mass spec- 
trometry, by B. G. Achhammer, M. J. Reiney, L. A. Wall, 
and F. W. Reinhart, J. Polymer Sci. 8, 555 (1952), and 
Thermal degradation of unvulcanized and vulcanized rub- 
ber in a vacuum, by S. Straus and S. L. Madorsky, Ind. 
Eng. Chemistry 48, 1212 (1956). 


Presentation of Measurement Standards to Alaska 


TANDARDS OF the fundamental units involved in 
commercial exchange were presented to the new 
State of Alaska in a special program held at the Bureau, 
March 3, 1959. Weights and measures comprising 
standards of leneth, mass, and capacity were presented 
by Secretary of Commerce Lewis L. Strauss to the 49th 
State, represented at the ceremony by Senators E. L. 
Bartlett and Ernest Gruening, and Congressman Ralph 
J. Rivers, who accepted the standards on behalf of the 
State. These standards will provide a firm basis for 
an accurate, uniform measurement system to help the 
srowth of commerce and industry in the new State. 
Standards of measurement play a vital role in every 
area where goods are exchanged and where agreement 
on value or quantity is essential. The basis of con- 
fidence in commercial exchange is the accuracy of the 
national standards of measurement, maintained by the 
Bureau, and their extension into the day-to-day busi- 
ness of the Nation through the State standards of 
measurement. By providing the new State of Alaska 
with accurate and reliable standards, a basis is estab- 
lished which allows it to relate its measurement activi- 
ties to those of the other States. As Secretary Strauss 
stated in welcoming the State to the Nation’s measure- 


Presentation of stand- 
ards of length, mass, 
and capacity to the new 
State of Alaska. Left 
to right: The Rey. 
Robert Searles, Sealer 
of Weights and Meas- 
ures, Medina County, 
Ohio; Ernest Gruening, 
U.S. Senator from 
Alaska; Ralph J. Rivers, 
U.S. Representative 
from Alaska; E. L. Bart- 
lett, U.S. Senator from 
Alaska; Frederick H. 
Mueller, Under Secre- 
tary of Commerce for 
Domestic Affairs; Allen 
V. Astin, Director of the 
National Bureau’ of 
Standards; and Lewis L. 
Strauss, Secretary of 
Commerce. 
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ment family, “The value for the pound, the yard, and 
the gallon will be the same whether you are transacting 
business in Maine or in California, in Florida or in 
Alaska.” 

The standards presented to Alaska have been cali- 
brated in terms of the national standards of measure- 
ment, Prototype Meter Bar No. 27 and Prototype 
Kilogram No. 20. Included in the set were a combina- 
tion yard-meter bar and a 100-ft steel measuring tape 
for length calibrations; standard weights from 50 lb to 
0.1 oz; and capacity standards in denominations 
ranging from 5 gal down to 2 fl oz. Each standard 
was accompanied by a Bureau certificate giving its 
calibrated value. 

In addition to the set of standards, the State of Alaska 
received a collection of documents pertaining to weights 
and measures administration. These included NBS 
handbooks on the technical aspects of weighing and 
measuring devices and a proposed weights and measures 
bill based on the model State law adopted by the Na- 
tional Conference on Weights and Measures. The new 
State was formally invited to use these documents and 
to participate in the activities of the Conference—the 
principal means of implementing cooperation among 
NBS, State, and local weights and measures officials, 
and manufacturers and users of weighing and meas- 
uring equipment. 


SEPARATION AND DETERMINATION OF CERTAIN 
METALLIC ELEMENTS 


in high-temperature alloys 


ARE IMPROVE specific physical properties of metal- 
lurgical alloys, moderate amounts of certain metallic 
elements are added. Thus, the heat-resistant alloys used 
in rockets and jet engines contain various combinations 
of tungsten, molybdenum, titanium, zirconium, niobium 
(columbium), tantalum, and aluminum as well as the 
major metals. Titanium, for example, acts as a nitrogen 
and carbon stabilizer by combining with these two 
elements in an alloy, thus raising the thermal stability 
of the alloy. Because of the complex composition of 
these high-temperature materials, spectrographic and 
X-ray methods are used to control their quality in 
production. 

To develop chemical procedures for the analysis of 
standards used in calibrating these spectroscopic and 
X-ray instruments, the Bureau has been conducting a 
research program on the separation and analysis of a 
specific group of elements: titanium, zirconium, tung- 
sten, molybdenum, niobium, and tantalum. Until re- 
cently, it had not been possible to separate these metals 
in alloys quantitatively because they all belong to the 
same or adjoining groups of the periodic table and thus 
behave similarly. However, J. L. Hague, E. D. Brown, 
and H. A. Bright have overcome this difficulty by de- 
veloping a general three-step procedure,' based on the 
formation of metal-fluoride complexes having different 
properties. By this procedure, it has been possible to 
separate the metals. 

First, hydrofluoric acid is added to the alloy so that 
this group of metals will form soluble fluoride com- 
plexes. Next, the solution is placed on an anion-ex- 
change column and the metals are eluted (i.e., sepa- 


Alloys containing minute amounts 
of titanium, zirconium, niobium, 
and tantalum can now be more 
easily analyzed by a Bureau method 
based on the formation of metal- 
fluoride complexes. The soluble 
complexes are placed on an anion- 
exchange column (left) from which 
the metals are separated by passing 
appropriate media through the resin 
column. Closeup of columns be- 
fore addition of complexes is shown 
at right. 
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rated) by passing appropriate media through the resin 
column. Two reagents, boric acid and cupferron 
(nitrosophenylhydroxyamine), are then added to each 
eluate. With cupferron the metals form insoluble com- 
plexes from which the particular metallic element can 
be readily determined. Boric acid, on the other hand, 
does not react with cupferron at all, but forms a complex 
with the fluoride which is more stable than that formed 
with the metals. 

With this basic procedure, not only have these metals 
been determined in various high-temperature steels,” 
but also niobium * and tantalum, which formerly were 
extremely difficult to separate quantitatively, have been 
determined in titanium-base alloys. 


Determination in Steel 


The method for steel analysis was developed in order 
to determine 0.001- to 0.5-percent concentration of 
titanium, zirconium, niobium, and tantalum present in 
a group * of NBS spectroscopic steel standards contain- 
ing 22 elements in addition to the rare earths. How- 
ever, this method may also be applied to most separa- 
tions required for determining large concentrations of 
these elements. 

For the analysis of these steel samples? developed 
by J. L. Hague and L. A. Machlan, the elements in a 
dissolved steel sample are concentrated by selective 
precipitation with cupferron and then ignited to the 
oxide form. Following the ignition, the oxides are 
fused and dissolved in a hydrochloric-hydrofluoric 
acid mixture. The resulting solution of complexes is 
transferred to an anion-exchange column containing a 


commercial quaternary-amine resin from which dif- 
ferent fractions can be eluted by various combinations 
of acids. 

The first eluate contains titanium and zirconium, 
which are separated from the column with a hydro- 
chloric-hydrofluoric acid solution. The second frac- 
tion—which contains molybdenum, tin, and iron—is 
eluted by a combination of hydrofluoric and hydro- 
chloric acids, and ammonium chloride. This fraction 
is discarded. Niobium is collected as a third fraction 
by elution with an ammonium chloride-hydrofluoric 
acid solution, while tantalum is separated as a fourth 
fraction in a slightly acid solution of ammonium chlo- 
ride and ammonium fluoride. 

Next, boric acid and cupferron are added to the three 
eluates to form the fluoride and metal complexes, re- 
spectively. Photometric analytical methods are then 
employed to determine the amounts of the individual 
metals present. 


Titanium Alloys 


The same general procedure is used to separate 
tantalum and niobium in the presence of titanium,’ as 
in titanium-base alloys. Until this method was de- 
veloped, it was extremely difficult to separate these two 
metals, because they have such similar properties and 
because titanium interferes with their separation and 
is difficult to eliminate. 


For this determination, the alloy-sample is dissolved 
and transferred to the anion-exchange column. ‘This 
enables removal of titanium—and any other elements 
that would interfere with analysis. After these ele- 
ments are eluted and discarded, niobium is eluted as a 
separate portion with an ammonium chloride-hydro- 
fluoric acid mixture. Tantalum, the remaining anion 
on the column, may be collected by passing a slightly 
acid solution of ammonium chloride-ammonium fluo- 
ride through the column. Thus, the two metals are 
finally separated. 

The complexes are formed with cupferron and boric 
acid, ignited to the pentoxides, and weighed as Nb.O; 
and Ta,O;. The overall procedure takes about 2 days 
to complete. 


* Separation of tungsten, molybdenum, and niobium by 
anion exchange, J. L. Hague, E. D. Brown, and H. A. 
Bright, J. Research NBS 53, 261 (1954) RP2542. 

* Determination of titanium, zirconium, niobium, and 
tantalum in steels by anion exchange separation, J. L. 
Hague and L. A. Machlan, J. Research NBS 62, I1 
(1959) RP2923. 

* Determination of niobium and tantalum in titanium- 
base alloys, J. L. Hague and L. A. Machlan, J. Research 
NBS 62, 53 (1959) RP2929, 

“The National Bureau of Standards distributes over 
600 different standard materials of chemicals, ores, ce- 
ramics, metals, and other substances. Information is con- 
tained in Standard Materials, NBS Circular 552 (third 
edition) , which may be obtained by writing to the Super- 
intendent of Documents, U.S. Government Printing Of- 
fice, Washington 25, D.C. (35 cents). 


PARSONS 
RECEIVES 
TURNER 

AWARD 


| pee E. PARSONS, Chief of the Building 
Technology Division, has been awarded the 
H. C. Turner Award of the American Concrete Insti- 
tute. Mr. Parsons was cited “in recognition of 
notable achievement in the execution and direction 
of research on concrete, and in the furtherance of 
preparation and acceptance of concrete construction 
standards.” The award, consisting of a gold medal 
and a certificate, was presented on March 25, 1959, 


Mr. Parsons has been on the Bureau staff for over 
395 years. He came to the Bureau in 1923, became 
chief of the Masonry Construction Section in 1929 
and of the Mineral Products Division in 1945. He 
was made chief of the Building Technology Division 
when it was formed in 1947. 

Born in Marion, lowa, in 1894, Mr. Parsons at- 
tended Cornell College, receiving his A.B. degree in 
1917 and his C.E. degree in 1922. Before joining 
the Bureau staff, he was engaged as an assistant en- 
gineer in Cedar Rapids, Iowa. 

Mr. Parsons is the author of a number of tech- 
nical papers, and is responsible for more than a 
dozen NBS Building Materials and Structures Re- 
ports. He is a member of the American Society of 
Civil Engineers, the American Society for Testing 
Materials, the American Ceramic Society, the High- 
way Research Board, the Building Research Ad- 
visory Board, the American Association for the 
Advancement of Science, the Society for Experi- 
mental Stress Analysis, the Philosophical Society, the 
Washington Academy of Sciences, and the Inter- 
national Association of Testing and Research Lab- 
oratories for Materials and Structures. He was vice 
president and president of the American Concrete 
Institute in 1943-44 and 1945, respectively, and has 


at the annual convention of the institute in Los also held important positions in the other 
Angeles. organizations. 
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tlee HELP SOLVE the problems posed by semicon- 
ducting materials and thus provide data needed 
for their effective application, the Bureau conducts a 
program of solid state research sponsored in part by 
the Department of Defense.1_ Such a program forms a 


vital part of the overall scientific effort which has been | 


brought to bear in the area of the solid state over the 
last few years. This branch of physics, seldom heard 
of as little as 15 years ago, is now one of the most active 
fields in present-day science. Since the invention of 
the transistor in 1948, demands have continued to 
increase not only for new semiconducting materials but 
for a better understanding of available materials which 
will allow a wider scope of application. 

Although the technological application of semicon- 
ductors has played a great part in the rapid progress 
made in solid state research, the basic aims of the field 
are of a more fundamental nature. Primarily, solid 
state physics attempts to interpret the physical prop- 
erties of matter in terms of the microscopic behavior 
of electrons, nuclei, and lattice vibrations. Advances 
toward this goal were first made during the thirties 
with the groundwork laid by Wilson and Sommerfeld 
for a quantum mechanical theory of electrons in crys- 
tals, and with the basis for understanding lattice prop- 
erties provided by Born’s work on crystal dynamics, 
and Peierls’ introduction of the phonon (quantized 
lattice vibration) concept. Toward 1940, solid state 
physics came into its own, probing the characteristics 
of matter in terms of these new theories. 

The materials first investigated on the basis of elec- 
tron and lattice theories were germanium and silicon— 
the elements employed in the transistor. As the scope 
of investigation broadened, silicon power rectifiers and 
voltage regulators, photodetectors for the infrared, and 


Furnace used to grow crystals by the Kyropolos tech- 
nique. The coil surrounding the vacuum chamber keeps 
the metal in the small cup molten. As a seed erystal is 
removed very slowly from the melt, the metal adhering 
to it solidifies, forming a large single crystal. 


Model of titanium dioxide in the crystalline form of ru- 
tile. This material can be made semiconducting by the 
addition of foreign ions or loss of oxygen (represented 
by the light balls). It is representative of a class of 
oxide semiconductors, which show promise for thermo- 
electric devices. 


thermoelectric devices for power conversion or re- 
frigeration were developed. Increased activity in solid 
state research at very low temperatures has more re- 
cently produced devices like the maser (a microwave 
amplifier) and the cryotron (a superconductive com- 
puter component). Studies of imperfections, such as 
vacancies, interstitials, and dislocations, have also 
pressed forward during the last 10 years, and have 
recently made it possible to increase the strength of 
materials, especially metals. With the growing need 
for materials to withstand very high and very low tem- 
peratures, the results of such studies find immediate 
technological application. 

The program of research presently underway at the 
Bureau deals with the electrical, thermal, optical, me- 
chanical, and magnetic properties of certain materials. 
The behavior of these solids is studied by measuring 
either individual properties or combinations of prop- 


NBS Technical News Bulletin 


erties such as thermoelectric power and electrostriction. 
The data thus obtained lead to a better understanding 
of the factors that cause solids to exhibit particular 
characteristics, and also yield much information about 
the structure of the solid state. Such studies allow the 
potentialities of a material for practical application to 
be evaluated. 

The Bureau has been involved in the general effort 
to arrive at an understanding of semiconducting solids 
since 1949, when work on the properties of rutile (TiO, 
in one of its crystalline forms) was initiated. These 
studies led to a better understanding of the electronic 
behavior in rutile and eventually resulted in the de- 
velopment of a useful device, the titanium dioxide 
rectifier. 

In 1952, attention was turned to a new class of 
materials, the III-V compounds—binaries formed 
between elements of the III-B and V-B columns of the 
periodic table. The Bureau was the first to undertake 
research on this group of new semiconductors. During 
the following 2 years many crystals of aluminum anti- 
monide, gallium antimonide, and indium antimonide 
were prepared, and their electrical and optical prop- 
erties investigated. Later on, this research was ex- 
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The III-V binaries have a zine blende crystal structure. 
This is a symmetrical structure in which atoms of both 
elements are located at the corners and at the centers of 
the faces of a cube. Two of these materials, InAs and 
InSb, show promise as infrared photodetectors. 


tended to include studies of mechanical and magnetic 
behavior. InSb (indium antimonide) was shown to be 
an extremely interesting material for both basic re- 
search and for application to infrared photodetectors 
and galvanomagnetic devices. Consequently, appre- 
ciable effort is still devoted to InSb. 

Other materials studied during the last 5 years are 
magnesium-tin and semiconducting gray tin.  Re- 
cently, attention has again been focused on TiO, as a 
result of heightened interest in thermoelectric devices, 
which has stimulated the study of oxide semiconductors, 
especially oxides of the transition metals. Titanium 
dioxide was chosen as a prototype of this class and also 
as an example of a high-temperature semiconductor. 

The program of research on the materials discussed 
can be broken down into the following projects: (1) 
Crystal growth and sample preparation; (2) measure- 
ment of electrical properties including conductivity, 
Hall . effect, magnetoresistance, and thermoelectric 
power; (3) studies of optical absorption and photo- 
conductivity; (4) determinations of the lifetime of 
optically excited charge carriers; (5) measurements 


Typical semiconductor crystals: Upper left, bismuth tel- 
luride. Other crystals are InSb. 


of the mechanical and electromechanical properties, 
which include elastic constants, anelastic effects, piezo- 
resistivity, and piezoelectric effects; (6) studies of nu- 
clear magnetic resonance; and (7) further development 
of solid state theory. 


Crystal Growth and Purification 


As solid state materials are evaluated on the basis of 
electron and lattice theories, they must be studied in 
their crystalline form. Therefore, crystal growth and 
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purification are a vital part of the solid state research 
program. Crystals of the III-V compounds are pre- 
pared by the Kyropoulos technique in which a seed 
crystal is immersed in a melt and then slowly removed. 
In this way, a large crystal is formed. During the last 
4 years, over 100 crystals of InSb, mostly monocrystal- 
line, have been grown by this technique. 

To obtain information about the structure of the 
solid state, it is often necessary to have very pure 
materials or materials with known contamination or 
doping. Therefore, before the final crystal growth, the 
crystal-forming substance is purified by the zone melt- 
ing technique,” in which molten zones move through 
the substance leaving a purer material in their wake. 
Indium antimonide with purities as high as 10“ or 
10*° impurities per cubic centimeter (i.e., 1 to 10 parts 
in 10°) has been obtained with this method. 


Electrical Property Measurements 


The first measurements made on each new conducting 
crystal are of an electrical nature. Conductivity is of 
primary interest and is determined from the potential 
drop along a sample of rectangular shape. Additional 
information is then obtained by studying the Hall 
effect—the emf set up by the migration of charge car- 
riers in a current-carrying conductor subjected to a 
magnetic field at right angles to the direction of the 
current flow. The sign of the Hall coefficient distin- 
guishes between n- and p-type semiconductors; in the 
former, the current is carried by negative charges or 
electrons, while in the latter the conduction is due to 
positive carriers or holes (missing electrons). A third 
property investigated is the thermoelectric effect—the 
voltage between two ends of a specimen kept at different 
temperatures. 


Nuclear magnetic resonance is employed as a tool for the 
investigation of the solid state. Sample is contained in 


a probe between the pole pieces of the large magnet 
(regulated power supply for magnet at left). The 
probe is connected through an oscillator circuit (small 
box), power supply, lock-in detector, and modulator (all 
in console) to a strip chart recorder. 


94 - 


From the variation of these quantities with tempera- 
ture, it is possible to obtain the information needed to 
understand the mechanism of conduction in the crystal 
and to evaluate the material for use in practical elec- 
tronic devices. This information includes: (1) In- 
trinsic and extrinsic energy gaps; (2) number of charge 
carriers; and (3) mobilities of electrons and holes. 
Measurements of the conductivity, Hall effect, and 
thermoelectric power are made down to liquid helium 
temperatures, as are most of the other property measure- 
ments on semiconductors. Conductivity and thermo- 
electric power have been determined up to 1,000° C. 

Conductivity and Hall effect measurements on the 
III-V compounds have shown that this group of 
materials displays widely differing properties. Energy 
gaps range from 3.0 ev to 0.16 ev, and mobilities from 
107 cm?/v-sec to 10° cm?/v-sec. As a material can 
usually be found which has properties tailored to a 
particular application, this class of compounds is very 
important. 

In the course of electrical property investigations, 
several phenomena of fundamental importance have 
been discovered. For example, during a measurement 
of the magnetoresistance of InSb as a function of 
magnetic field H at liquid helium temperature, it was 
observed that its behavior was not quadratic in H as 
expected from classical considerations, but showed in- 
stead several oscillations. Subsequent investigations 
indicated that these oscillations were periodic in 1/H. 
This phenomenon is closely associated with the oscil- 
latory behavior of susceptibility, which has been 
observed in several metals and is known as the deHaas- 
Van Alphen effect. The effect occurs when the electron 
mean-free path becomes a circular orbit. Under these 
circumstances, quantization of the electron orbits must 
be taken into account; the electronic energy states 
become discrete and produce oscillations in the dia- 
magnetic and transport properties. 


Optical Measurements 


The present interest in employing semiconductors as 
infrared photodetectors requires a better understanding 
of the principles of the photoconductive process and 
information on new materials. To provide these data, 
which are essential for extending the application and 
reliability of detectors in the infrared, the Bureau 
measures absorption spectra and photoconductivity.* 
These investigations are carried out as a function of 
temperature, and interest is mainly focused on the 
infrared region. Some of the materials that have been 
studied are gallium antimonide, cadmium antimonide, 
indium antimonide, and magnesium-tin; the intrinsic 
absorption edges of these substances lie in the 1 to 7p 
wavelength range. : 

Recently an investigation of the photoconductive 
response of copper-doped InSb showed that fairly large 
photosignals can be obtained at liquid helium tempera- 
tures in the far infrared range up to 35 w. Interesting 
quenching effects were found in n-type InSb containing 
a slight amount of copper impurity. 
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Carrier Lifetime Studies 


Carrier lifetime —the length of time that an electron 
(or hole) takes part in the conduction process before 
recombining with a hole (or electron) in the valence 
(or conduction) band—is one of the major parameters 
governing the conduction process in solids. Its nu- 
merical value is therefore of great importance in evalu- 
ating materials for application as rectifiers, transistors, 
and photodetectors. The Bureau carries out studies of 
carrier lifetime which, in addition to furnishing a 
critical value, provide a means of investigating the 
recombination and trapping processes in crystals. 

Values of lifetimes are derived from measurements 
of the photoconductivity and the photoelectromagnetic 
effect. The photoelectromagnetic effect is a kind of Hall 
effect in which the charge carriers are produced by 
incident light and deflected in the sample by a magnetic 
field. The current is perpendicular to both the incident 
radiation and the field. It is proportional to Vr, 
while the photoconductive signal is proportional to +. 
Hence the value of the lifetime is obtained directly 
from the ratio of the two signals. 


Mechanical and Electromechanical 
Studies 


The Bureau investigates the basic nature of semi- 
conductors by obtaining data on the mechanical prop- 
erties of crystals. This information is also essential for 
the effective application of the semiconducting 
materials. 

The mechanical behavior of semiconductors can be 
studied by means of several different experiments, some 
giving information about the state of the lattice and 
others about the electron assembly. An example of the 
former is a determination of the elastic constants.° 
These constants have been measured on single crystals 
of indium antimonide and the results were correlated 
with optical and thermal data. It appears that the 
values of the elastic constants are indicative of the 
partly ionic character of this compound. 

Other experiments depend on the interaction of the 
lattice structure and the outer electrons. A recent 
measurement of the resistivity of n- and p-type InSb 
under the influence of tensile stress has confirmed the 
energy band structure of this material. 

The study of internal friction is very well suited to 
investigations of imperfections. The temperature or 
frequency dependence of the mechanical damping often 
reveals relaxation peaks and attenuations, which can 
be related to dislocations, vacancies, interstitials, chemi- 
cal impurities, and other irregularities. Some measure- 
ments of this kind have been made on InSb up to the 
melting point (523° C). The experimental method 
used was the composite oscillator technique in which 
the sample is driven by a quartz transducer. Similar 
measurements on TiO, have recently been started. 


Nuclear Magnetic Resonance 


Since its discovery 13 years ago, nuclear magnetic 
resonance has proved to be one of the most useful 
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The transverse and longitudinal magnetoresistance 
Ap/po and the Hall coefficient determined for n-type 
InSb at 1.7° K. The magnetoresistive effect, even at 
room temperaiure, is considerably larger than in other 
solids. These characteristics can be utilized in construct- 
ing such devices as magnetometers, gyrators, and low- 
frequency amplifiers. 


techniques for studying solids. The Bureau makes use 
of this method to investigate defects and impurities in 
semiconducting materials. The solid being studied is 
contained in the coil of a resonant circuit between the 
poles of an electromagnet. As the circuit is tuned 
through its resonant frequency, the nuclei in the sample 
switch from one orientation to another with a net 
absorption of energy. The relaxation time—the time 
nuclei remain in the higher energy state—is measured 
by pulse equipment. 

This series of investigations was initiated in 1956 
with the determination of the temperature dependence 
of the spin-lattice relaxation time in sodium chloride. 
During the past year, emphasis has been placed on the 
spin-lattice interaction in AlSb as deduced from the 
resonance of the Al nuclear spin. 
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Development of Theory 


The experimental work has been designed to cover 
a wide area of physical measurements. In this way 
investigations form a network of closely connected 
approaches to the understanding of the electronic and 
lattice structure of particular solids. To this end, the 
data provided for the development of new devices and 
improved engineering materials are complemented by 
the formulation of theories. For example, experimental 
studies have resulted in a theory for transport phe- 
nomena in a strong magnetic field, and in a better 
understanding of the electronic energy-band scheme of 
TiO, containing vacancies or impurities. Future re- 
search in solid state physics at the Bureau will continue 
to concentrate on a few materials in working toward 
more complete data and adequate theories to describe 
observed phenomena. For example, during the coming 


year TiO, will receive particular emphasis; electrical, 
optical, and magnetic investigations of this material 
will provide valuable information concerning the role 
of impurities in the conduction mechanism. By study- 
ing a single material from several different angles in 
this way, the Bureau will continue to fulfill its basic 
function of supplying materials data while also provid- 
ing a basis for the development of new devices and 
better engineering materials. 


* For a description of early research at NBS, see Solid 
state electronics, NBS Tech. News Bul. 35, 22 (1951). 

*Zone melting apparatus, NBS Tech. News Bul. 29, 
81 (1955). 

* Galvanomagnetic effects in n-type indium antimonide, 
by H. P. R. Frederikse and W.R. Hosler, Phys. Rev. 108, 
1136 (1957). 

* Photoeffects in intermetallic compounds, by H. P. R. 
Frederikse and R. F. Blunt, Proc. IRE 43, 1828 (1955). 

° Elastic moduli of indium antimonide, by R. F. Potter, 


Phys. Rev. 103, 47 (1956). 
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NATIONAL BUREAU OF STANDARDS 


ANNUAL 
REPORT 
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alt HIS ILLUSTRATED report highlights the Bureau’s 
research and development programs for fiscal 
1958. It describes a wide range of scientific studies, 
laboratory experiments, instrument developments, and 
technical publications. 

The Bureau’s basic role in the scientific community 
is leadership in the science of measurement. As in- 
dicated in the report, this requires developing and im- 
proving physical standards and standard materials; 
developing, refining, and fostering the use of measuring 
techniques and instruments; and determining precisely 
properties of materials not known with sufficient pre- 
cision elsewhere. 

The space age is putting increasing demands on the 
Bureau. Industry needs gage blocks calibrated to an 
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accuracy of 1 part in 10 million, missile and aircraft 
development requires new and improved heat-resistant 
coatings, metals, and alloys; telemetering equipment, 
and above all, new and improved measuring methods 
and equipment. These are some of the areas in which 
the Bureau is actively interested, and which are in- 
cluded in this report. 

Progress in the continuing effort to increase the 
range and precision of physical measurements is de- 
tailed. A few such programs completed or advanced 
during the year include construction of an improved 
standard of capacitance; development of piston gages 
for use at pressure up to 200,000 lb/in.? and of an 
atomic beam wavelength source to act as a standard 
of length; and increasing the accuracy of pyrometer 
calibrations at temperatures between 2,000° and 
4,000° C. 

In addition to these features, the report describes the 
Bureau’s role in the International Geophysical Year, 
and many basic research projects, such as the rede- 
termination of the gyromagnetic ratio of the proton, 
and the study of free radicals and high-energy boron 
fuels. 

Included in the publication is a review of the Bureau’s 
services to science and industry through testing and 
calibration of measuring instruments, and through the 
distribution of standard samples. The Bureau’s pro- 
gram of cooperation with scientific and technical 
groups, both in this country and abroad, and with other 
Government agencies, is the subject of another section 
of the report. 

Research Highlights of the National Bureau of 
Standards, Annual Report, 1958, National Bureau of 
Standards Miscellaneous Publication 226, 138 pages, 
45 cents. (Order from Superintendent of Documents, 
U.S. Government Printing Office, Washington 25, D.C.) 
Foreign remittances must be in U.S. exchange and 
should include an additional one-fourth of the pub- 
lication price to cover mailing costs. 
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Central Notations for Color-Name Blocks 


N A color-measurement study by Kenneth L. Kelly circular has been adapted by the general public have 


of the Bureau, central notations have been determined created a need for a color chart to illustrate the blocks. 
for the ISCC-NBS color-name blocks.t| These blocks The present study was therefore made to determine the 
are defined as segments of a solid figure, each segment block centroids from which representative color samples 
encompassing the range of color acceptable under one could be produced. 
color name. Fitted together, the segments comprise the In making the computations, the ISCC-NBS method 
psychological color solid that scientists use to explain of designating colors was followed. In this method, the 
gradations in color perceived by the human eye. psychological color solid is visualized as a lopsided 

The central notations of the blocks have been desig- grapefruit with an irregularly indented outer skin. Its 
nated in terms of the Munsell tridimensional scales,” vertical core is white at the top, black at the bottom, 
and paint-on-paper prototypes of the centroid color of with the intermediate grays in between. The charac- 
each block are being produced. After the protoypes teristic of color varying along this vertical axis is known 
have been approved by the ISCC (Inter-Society Color as lightness; it indicates how dark or light the color is, 
Council) and NBS, the Bureau plans eventually to re- and is measured by Munsell value. 
produce the colors as a color-chart supplement to NBS The second characteristic of color is known as hue. 
Circular 553, the ISCC-NBS Method of Designating Hue is indicated by the name given to a color, such as 
Colors and A Dictionary of Color Names.* red, yellow, green, or blue. These four spectrum hues, 

First published 3 years ago, Circular 553 is now in plus the nonspectrum hue, purple, are thought of as 
its third printing. It is employed as a tool by the evenly spaced around the equator of the grapefruit in 
scientist, the businessman, and the layman to correlate accord with the Munsell hue scale. Elsewhere in the 
the thousands of different names given to colors by art, solid are places for all the possible colors; light ones 
science, and technology. These color names are listed near the top; dark ones near the bottom; and the 
in the circular under headings derived from the color- grayish colors surrounding the grays at the core. 
name blocks. The varied applications to which the Saturation, the third characteristic of color, indicates 


Artist’s conception of the psychological color solid used in the color-measurement study. One quarter of the solid is 
removed to show the vertical axis. On the left is a segment of the solid frem the purple area. Its color-name blocks 
reflect varying degrees of hue, lightness, and saturation. 
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the departure of a color from gray. This quality is 
measured by Munsell chroma which gives the distance 
of the color location in the solid from the core. The 
most saturated or strongest colors are located on the 
skin. Those with little saturation, such as purplish 
black, purplish gray, or purplish white, lie along the 
core or vertical axis. 

In the ISCC-NBS method of designating colors, a 
set of simple, unambiguous hue names is utilized. They 
are combined with modifiers to form combinations such 
as light blue, dark red, moderate yellow green, and 
vivid pink. The complete set of color names including 
white, the grays, and black totals 267, and the names 
may be used to describe any color. 

The color-name blocks are not cubes; the inner blocks 
are composed of sectors of cylinders. It was therefore 
necessary to use a mathematical formula in terms of 
Munsell Awe, value, and chroma to determine the nu- 
merical designations of the centroids. With the for- 
mula, the centroid of a single or one-component block 
could be calculated from its hue, value, and chroma 
ranges. However, to find the centroid of a compound 
or two-component block, the volume-weighted mean of 
the central notations of the two components had to be 
computed. The resultant centroid lies on the straight 


line joining the centroids of the component blocks. 

For a three-component block, the centroid for two 
of the adjacent blocks was found, and then combined 
by the same method with the centroid of the third block. 
The value notation of the resultant centroid was com- 
puted as the volume-weighted mean of the value nota- 
tions of the three separate centroids. The formula is 
not applicable to color-name blocks that intersect the 
irregular outer surface or skin of the color solid. For 
these blocks the centroid was estimated graphically. 

When the centroid color samples become available 
they will be made into special charts for the use of a 
committee of the Inter-Society Color Council which is 
investigating historical color usage. The centroid 
colors may ultimately be incorporated as an appendix 


in a second edition of NBS Circular 553. 


+ For further technical details, see Central notations for 
the revised ISCC-NBS color-name blocks, by K. L. Kelly, 
J. Research NBS 61, 427 (1958) RP2911. 

* A color notation, by A. H. Munsell, 10th ed. (Munsell 
Color Co., Inc., 10 East Franklin St., Baltimore 2, Md., 
1954). 

* Dictionary of color names, NBS Tech. News Bul. 40, 
22 (1956). NBS Circular 553 is available from the 
Superintendent of Documents, U.S. Government Printing 
Office, Washington 25, D.C., $2 ($2.50 foreign). 


Radio Communications and Systems Division Established 


NEW RESEARCH division, Radio Communica- 
tions and Systems, has been established at the 
Bureau’s Boulder (Colorado) Laboratories. The new 
Division, together with the Radio Propagation Physics 
and the Radio Propagation Engineering Divisions, 
makes up the Central Radio Propagation Laboratory. 
R. C. Kirby, formerly assistant chief of the Radio 
Physics Division, has been named Division Chief. 
D. W. Patterson has been named Assistant Chief. 

The new unit will expand the research and develop- 
ment services provided for agencies which use radio 
communications. In particular, it will deal with re- 
search in radio communication and navigation tech- 
niques, and the application of radio propagation studies 
in the improvement of radio systems. 

The Division will also be responsible for the coordina- 
tion within the Boulder Laboratories of the radio 
systems problems of other agencies, and for direct 
liaison with these agencies in providing the services 
necessary. 

Scientists and technicians who will perform the work 
of the Division have been selected on the basis of 
their past work and experience from sections of the 
Radio Physics and Radio Engineering Divisions. 

The new Division has six sections engaged in various 
areas of research and development. Two additional 
sections are in the planning stage. 
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The established sections and their Chiefs are: 


Section Chief 
Low Frequency/Very Low 
Frequency Research A. G. Jean 


High Frequency/Very High 
Frequency Research 

Modulation Research 

Antenna Research 

Navigation Systems 

Field Operations 


Richard Silberstein 
J. Wesley Koch 
H. V. Cottony 

G. Hefley 

H. G. Sellery 


COREE CREO CORRE ERROR E CR OORT 


OTHER BOULDER CHANGES 


In other Boulder changes, the Radio Propaga- 
tion Physics Division has been reorganized; Alan 
H. Shapley has replaced R. C. Kirby as Assistant 
Division Chief. Also, two research teams have 
been given formal recognition as separate sec- 
tions: Aurora and Airglow, headed by Dr. Frank- 
lin E. Roach, and Radio Astronomy and Aretic 
Propagation, under Dr. A. Gordon Little. In 
addition, the Sun-Earth Relationships Section has 
been subdivided to form a new section, Radio 
Warning Service, headed by Miss J. Virginia 


Lincoln. 


wm 
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STRAINS IN CONCRETE BEAMS HAVING DIAGONAL CRACKS 


Piss BUREAU has been investigating the properties 
of reinforced concrete beams in a program spon- 
sored by the American Iron & Steel Institute. Recent 
results ' indicate that certain assumptions made in the 
design and use of such beams are not strictly valid under 
all conditions. The study was carried out by D. Wat- 
stein and R. G. Mathey of the structural engineering 
laboratory. 

Reinforced concrete beams can fail under loads by 
yielding of the reinforcement, compression of the con- 
crete, failure of bond between the concrete and the 
reinforcement, and by shear. Shear failures result from 
excessive diagonal tensile stresses in the concrete in- 
duced by the combined effect of shear and bending 
moment. These failures manifest themselves through 
formation of diagonal cracks of excessive width. 
Diagonal cracks extend from the tensile zone of the 
beam into the compressive zone, thereby reducing the 
area of the concrete available for resisting the shear 
and the flexural compressive force. 


Test setup for loading reinforced concrete beams. A 
number of beams such as this one were loaded to failure 
to study the redistribution of stress as the beam cracks. 


In analyzing data on shear strengths of reinforced 
concrete beams, it is commonly assumed that tension 
reinforcement does not transfer vertical shear across 
a diagonal tension crack and that the maximum strain 
in the concrete at the critical section of the shear span 
occurs at the outermost fiber. It is also usually assumed 
that the maximum value of this strain is of the same 
order of magnitude as the maximum strain in a flexural 
failure. 

Several reinforced concrete beams designed to fail in 
shear were tested to investigate the validity of these 
assumptions. The ratio of the span to depth of beam, 
and the ratio of the shear span (portion of span resisting 
shear) to depth, were smaller than values normally 
used in shear tests. These values of span and depth 
were selected to demonstrate the phenomenon of re- 
distribution of stresses, which is difficult to observe in 
spans of normal length. Instrumentation was designed 
to determine the distribution of strain within the portion 
of the span which resisted shear and the magnitude of 
the vertical shear carried by the longitudinal reinforce- 
ment across a diagonal tension crack. 

The results of the study show that a beam containing 
no web reinforcement undergoes an abrupt change in 
its deformations and stresses following the formation of 
a diagonal tension crack. In the loading test, sections 
of the beam which remained plane until the formation 
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of a diagonal crack became warped. After cracking, 
the maximum compressive strain in the portion of the 
span resisting shear occurred at points some distance 
below the compressive face. In addition, the strain at 
the extreme fiber of the compressive zone began to 
decrease and finally became a small tensile strain. The 
concrete below the diagonal cracks continued to resist 
appreciable compressive stresses up to the maximum 
load at which measurements were made. 

Once the diagonal tension crack is completely de- 
veloped, it is possible to determine the magnitude of 
the vertical shear transferred across the crack by the 
longitudinal reinforcement. This shear can be com- 


puted from the forces and moments in the portion of 
the beam lying above the diagonal crack, and from the 
measured stress in the longitudinal reinforcement at 
the crack. The vertical shear transferred by the re- 
inforcement ranged from 0.38 to 0.74 of the total shear 
at loads ranging from 0.42 to 0.46 of the maximum. 
The value of the transferred shear decreased rapidly as 
the load approached the maximum. 

Portions of the beam above the diagonal crack 
developed a curved surface concave toward the mid- 
plane. This change in the profile of the compressive 
face of the beam occurred abruptly at a load which 
corresponded to a sharp increase in the strain in the 
reinforcement near the support. 


1For further technical information, see Strains in 
beams having diagonal cracks, by D. Watstein and R. G. 
Mathey, J. Am. Concrete Inst. 30, No. 6 (1958). 
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